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A key building block of the nuclear pore complex
(NPC) is the Nup84 subcomplex that has been struc-
turally analyzed predominantly in the yeast system.
To expand this analysis and gain insight into the
evolutionary conservation of its structure, we recon-
stituted an octameric Nup84 complex using the sub-
units from a thermophile,Chaetomium thermophilum
(ct). This assembly carries Nup37 and Elys, which are
characteristic subunits of the orthologous human
Nup107-Nup160 complex but absent from the yeast
Saccharomyces cerevisiae. We found that Elys binds
cooperatively to the complex requiring both Nup37
and Nup120. Unexpectedly, the reconstituted
ctNup84 complex formed a striking dimer structure
with an unpredicted side-to-side arrangement of
two molecules. Finally, crosslinking mass spectrom-
etry allowed the mapping of key protein interfaces
within the Y-shaped complex. Thus, the thermophilic
Nup84 complex can serve as a structural model for
higher eukaryotic Nup107-Nup160 assemblies to
gain insight into its possible configuration within
the NPC scaffold.
INTRODUCTION
Transport of molecules and macromolecules between the
nucleus and cytoplasm is mediated by the nuclear pore com-
plexes (NPCs). These are large pore-forming proteinaceous
assemblies of eight-fold rotational symmetry embedded in the
nuclear envelope. NPCs exhibit a conserved overall structure
with distinct morphological features, including the central
spoke-ring array, nuclear basket, cytoplasmic filaments, and a
central channel through which nucleocytoplasmic transport
occurs (Hoelz et al., 2011; Suntharalingam and Wente, 2003).
Despite their size, NPCs are assembled from a relatively small
number of proteins (30 nucleoporins), which are present in mul-
tiple copies in each NPC and are organized in subcomplexes.
The best-characterized NPC module is the yeast Nup84 com-
plex, which has an orthologous counterpart in higher eukary-
otes called the Nup107-Nup160 complex. In Saccharomyces1672 Structure 21, 1672–1682, September 3, 2013 ª2013 Elsevier Ltcerevisiae, the Nup84 complex is composed of seven subunits
(Nup133, Nup120, Nup85, Nup145C, Nup84, Sec13, and Seh1)
(Lutzmann et al., 2002; Siniossoglou et al., 1996, 2000), whereas
vertebrates carry three additional members (Nup37, Nup43, and
ELYS) (Belgareh et al., 2001; Franz et al., 2007; Loı¨odice et al.,
2004; Rasala et al., 2006; Vasu et al., 2001). However, ortholo-
gous Nup84 complexes from other fungi such as the fission
yeast Schizosaccharomyces pombe or the filamentous fungus
Aspergillus nidulans also carry Nup37 and ELYS, but apparently
do not contain Nup43 (Bilokapic and Schwartz, 2012b; Gonza´-
lez-Aguilera and Askjaer, 2012; Liu et al., 2009).
So far, the architecture of the conserved Nup84 complex
has been analyzed by electron microscopy (EM) only for
S. cerevisiae, which revealed a characteristic Y-shaped structure
and the relative arrangement of its seven subunits (Kampmann
and Blobel, 2009; Lutzmann et al., 2002). Moreover, crystallo-
graphic studies lead to high-resolution structures of most of
the subunits of Nup84 complex (Bilokapic and Schwartz,
2012b; Boehmer et al., 2008; Brohawn et al., 2008; Brohawn
and Schwartz, 2009; Debler et al., 2008; Hsia et al., 2007; Leksa
et al., 2009; Liu et al., 2012; Nagy et al., 2009; Seo et al., 2009;
Whittle and Schwartz, 2009), but we are still lacking a crystal
structure of the entire Nup84 complex.
Apart from its well-characterized structure and established
role in NPC organization, a variety of additional functions have
been suggested for the conserved Nup84 complex, ranging
from nuclear messenger RNA (mRNA) export, chromatin organi-
zation, and gene expression to cell division (Doye and Hurt,
1995; Fernandez-Martinez et al., 2012; Gonza´lez-Aguilera and
Askjaer, 2012). In higher eukaryotes, the postmitotic role of the
Nup84 complex has been intensively studied (Harel et al.,
2003; Walther et al., 2003), revealing a major function during
the concerted NPC/nuclear envelope reassembly after open
mitosis. Assisted by its associated factor ELYS, the complex
acts as a seed on the chromatin surface to attract and recruit
additional NPC components and endoplasmic reticulum mem-
branes, leading to the reformation of the entire nuclear envelope
with interspersed NPCs (Franz et al., 2007; Gu¨ttinger et al.,
2009). During this process, the Nup84 complex is incorporated
into the structural core of the NPC, where it possibly serves as
a membrane coat to stabilize the nuclear envelope curvature.
This model is based on structural similarity of the Nup84 com-
plex to other membrane coating complexes such as COPII or
clathrin (Brohawn et al., 2008; Debler et al., 2010; Devos et al.,
2004; Leksa and Schwartz, 2010). Moreover, the presence ofd All rights reserved
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complex (Siniossoglou et al., 1996) and the insertion of a mem-
brane curvature-sensing motif in human Nup133 (Drin et al.,
2007) strengthens this hypothesis. However, the higher-order
organization of the Nup84 complex that forms the nuclear and
cytoplasmic pore ring scaffold of the NPC remains unknown.
In this study, we investigated the Nup84 complex from a ther-
mophilic fungus,Chaetomium thermophilum (ct), whose compo-
sition resembles more the vertebrate Nup107-Nup160 complex
than the Nup84 complex from S. cerevisiae, due to the existence
of ctNup37 and ctElys. Previously, we found that another NPC
subcomplex, the inner pore ring module, could be efficiently
assembled in vitro with subunits from this thermophile (Amlacher
et al., 2011). Therefore, we reasoned that the thermophile-
derived Nup84 complex may be superior for structural studies
when compared to the Nup107-Nup160 assembly. Thus, we
cloned and expressed the subunits of the Nup84 complex from
C. thermophilum for in vitro reconstitution and structural studies.
Our investigations revealed that ctElys assembles into the
ctNup84 complex using a cooperative docking site formed by
ctNup37 and ctNup120. We further performed crosslinking
mass spectrometry (XL-MS) to systematically map the protein
interfaces and found a crucial role of the N- and C-terminal
domain of Nup145C that confirms previous predictions based
on computational modeling. The final assembly, consisting
of eight subunits (ctNup133-ctNup120-ctNup85-ctNup145C-
ctSec13-ctNup37-ctElys) with a total mass of 0.75 MDa, thus
represents the biggest NPC subcomplex reconstituted to date.
Interestingly, we noticed that the ctNup84 complex could
dimerize in vitro with a remarkable dimer structure as revealed
by EM. This finding could foster further structural investigations
to clarify how this key module is arranged in the NPC scaffold.
RESULTS
Identification of the Orthologous Subunits of the Nup84
Complex from Chaetomium thermophilum
Previously, we have annotated the orthologous nucleoporins
from C. thermophilum, including the subunits of the conserved
Nup84 complex, which are ctNup133, ctNup120, ctNup85,
ctNup145C, ctNup84, ctSec13, ctSeh1, ctNup37, and ctElys
(Amlacher et al., 2011). Multiple sequence alignments of these
subunits including the orthologous members of both closely
and distantly related organisms (e.g., S. cerevisiae, S. pombe,
Drosophila melanogaster, andHomo sapiens) revealed a conser-
vation of all nine subunits of the ctNup84 complex (Figures S1
available online). Moreover, this bioinformatic data combined
with experimental analysis revealed further evolutionary aspects
of the ctNup84 complex. For example, we identified two discrete
complementary DNA (cDNA) species for the ctNUP145 tran-
script, one encoding the full-length ctNup145 precursor
including the autoproteolytic cleavage site to generate post-
translationally Nup145N and Nup145C and a second form
apparently derived from alternative splicing, thereby encoding
only Nup145N with a short C-terminal extension, but not
Nup145C (compare Figure S1A). This finding is reminiscent of
the two splice variants found in the case of the vertebrate
pre-mRNA Nup145 precursor (called Nup98-Nup96 precursor)
(Fontoura et al., 1999), suggesting a conserved splicing andStructure 21, 1672–16autocleavage mechanism for Nup145 in C. thermophilum
(Figure S1A).
Another interesting feature is seen for ctNup85, which shows
an N-terminal extension with GLFXG and FG motifs, which are
absent from yeast and vertebrate orthologs (Figure S1B). This
indicates that ctNup85 could be directly involved in nucleocyto-
plasmic transport (Terry and Wente, 2009).
Importantly, we also found orthologs of Nup37 and ELYS
in C. thermophilum, which are members of the vertebrate
Nup107-Nup160 complex but absent from the yeast model
S. cerevisiae (sc). ctElys is highly related to other orthologs
from either the Pezizomycotina clade including Aspergillus
nidulans (an) and Neurospora crassa (nc), or the fission yeast
S. pombe (sp) with which it shares being much shorter than the
vertebrate orthologs (Figure S1I) (Bilokapic and Schwartz,
2012b; Liu et al., 2009). A homolog of vertebrate Nup43 associ-
ated with the Nup107-Nup160 complex could not be identified in
C. thermophilum, which however appears to be absent from all
fungi (Gonza´lez-Aguilera and Askjaer, 2012).
Reconstitution of a Y-Shaped Nup84 Complex
from C. thermophilum
For reconstitution of the C. thermophilum Nup84 complex, we
affinity-purified its nine subunits individually from whole cell
lysates using either a eukaryotic (i.e., S. cerevisiae) expression
system (ctNup133, ctNup145C, ctNup85, ctNup120, ctNup84,
and ctNup37) or Escherichia coli (ctSeh1, ctSec13, and ctElys)
(Figure 1A, lanes 1–9). Unexpectedly, full-length ctNup145C
and ctNup85 were highly soluble and could be purified as indi-
vidual subunits. This was not possible with the yeast orthologs,
which required their direct binding partners (Sec13 and Seh1,
respectively) for solubility (Lutzmann et al., 2002; Stuwe et al.,
2012). Purified full-length ctNup37 showed significant degrada-
tion due to proteolysis from its nonconserved and probably
unstructured C-terminal end (Figures S1H and S2). A ctNup37
construct lacking the last 141 residues (ctNup37DC), however,
was well purified and accordingly used in the subsequent recon-
stitution studies (Figure 1A, lane 8; Figure S1H).
Using an in vitro binding assay, we sought to establish the
subunit-subunit interactions of the ctNup84 complex. Hence, a
single subunit tagged with ProtA (bait) was immobilized on
immunoglobulin G (IgG)-Sepharose and incubated with one of
the remaining purified complex members (prey) in the presence
of competing E. coli lysate. In this way, we were able to identify
the conserved interactions between the large Nups within the
Nup84 complex, i.e., ctNup133 specifically and stoichiometri-
cally bound to ctNup84, ctNup120 to ctNup85, ctNup120
to ctNup145C, and ctNup84 to ctNup145C (Figure 1A, lanes
10–13). Moreover, ctNup145C also interacted with its other
expected partner ctSec13, but no in vitro interaction between
ctNup85 and ctSeh1 could be found (Figure 1B). A direct interac-
tion between ctNup85 and ctNup145C as described in S. pombe
could not be detected (Figure 1A, lane 14) (Bilokapic and
Schwartz, 2012b).
Based on the findings that ctSec13 and ctSeh1 are not
required for solubility of ctNup145C and ctNup85, respectively,
we reconstituted a minimal core complex consisting of
ctNup120, ctNup85, and ctNup145. This complex was highly
soluble and eluted as a heterotrimer from the gel filtration column82, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1673
Figure 1. In Vitro Reconstitution of a Minimal Heterotrimeric Nup84 Complex from Chaetomium thermophilum
(A) Affinity-purification (lanes 1–9) and binary interactions (lanes 10–14) of the annotated subunits of the ctNup84 complex. ctNup145C (lanes 10, 11, and 14),
ctNup85 (lane 12), and ctNup133 (lane 13) were immobilized on beads before addition of the indicated ctNup. For conservation of subunits, see also Figure S1.
(B) In vitro binding of ctSec13 and ctSeh1 to subunits of the ctNup84 complex. ctNup85, ctNup145C, or ctNup120 (negative control) was immobilized on beads
before addition of purified ctSec13 or ctSeh1.
TEV eluates were analyzed by SDS-PAGE and Coomassie staining. #, TEV protease.
(C) Reconstitution of a heterotrimeric Nup84 core complex. ctNup85, ctNup145C, and ctNup120 were coexpressed in yeast, affinity purified via ctNup85, and the
TEV eluate was subjected to size exclusion chromatography. The elution profile of the reconstituted complex (optical density 280 nm) and the elution volume of a
protein standard (weight of 670 kDa) are shown in the upper graph. Indicated fractions derived were analyzed by SDS-PAGE and Coomassie staining (bottom).
(D) Electron micrographs of the heterotrimeric Nup84 core complex using the fraction indicated in (C). Overviews, single particles, corresponding class averages
determined by multivariate statistical analysis, and a graphical view of the Y-shaped structure with subunit labeling are shown. Scale bar in overview represents
100 nm, and class averages are 20 nm.
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Architecture of a Thermophilic Nup84 Complex(Figure 1C). Single-particle EM of the negatively stained trimeric
complex showed a homogenous distribution of single particles
on overview micrographs (Figure 1D). Upon classification of sin-
gle particles, this core heterotrimer exhibited a typical Y-shaped
architecture, as previously found for the scNup84 complex, but
was never demonstrated for any other orthologous Nup84 com-
plex (Figure 1D) (Kampmann and Blobel, 2009; Lutzmann et al.,
2002). The three arms of the Y-shaped ctNup84 complex are
clearly distinguishable, with arm 3 showing an especially charac-
teristic foot-shaped structure with a thin connection to the cen-1674 Structure 21, 1672–1682, September 3, 2013 ª2013 Elsevier Lttral hub. Notably, it is similar to the Nup120 stalk of the
S. cerevisiae complex (Kampmann and Blobel, 2009), but shows
two different orientations twisted by 180. We conclude that
the Y-shaped core ctNup84 complex is structurally conserved
and can be stably formed even without Sec13 and Seh1.
Cooperative Assembly of ctElys into the ctNup84
Complex
In vitro binding assays have further indicated that ctNup120 can
directly bind ctNup37, but not ctElys (Figure 2A, lanes 10, 13,d All rights reserved
Figure 2. Binding Studies of ctElys to ctNup120
(A) ctNup84 (lanes 4–7), ctNup37DC (lanes 8–11), or ctNup120 (lanes 12–15)
was immobilized on beads before addition of the indicated purified proteins
(ctElys, ctNup37DC, and ctNup120; for input, see lanes 1–3). TEV eluates were
analyzed by SDS-PAGE and Coomassie staining. See also Figure S2.
(B) ctNup120 constructs (top) (lanes 4–10) and ctNup84 (negative control;
lane 3) were immobilized on beads before addition of purified ctNup37DC and
ctElys as indicated. TEV eluates were analyzed by SDS-PAGE and Coomassie
staining (bottom). Red rectangle indicates region of ctNup120 critical for effi-
cient recruitment of ctElys. #, TEV protease.
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ings revealing the crystal structure ofS. pombeNup120 bound to
Nup37 (Bilokapic and Schwartz, 2012b; Liu et al., 2012). Addi-
tional binary interaction tests suggested no direct binding of
ctElys to the other members of the ctNup84 complex (Figures
2A, lanes 5, 9, and 13; Figure S2). However, when ctNup120,
ctNup37, and ctElys were incubated together, a stoichiometricStructure 21, 1672–16heterotrimeric complex was formed (Figures 2A, lanes 11 and
15; Figure S2), suggesting a cooperative assembly of Elys into
the Nup84 complex, which requires both Nup120 and Nup37.
To gain further insight into this cooperative interaction, a number
of ctNup120 deletion constructs were generated and tested for
binding to purified ctNup37 and ctElys. The outcome of this
experiment demonstrated that the ctNup120 b-propeller domain
alone (ctNup120DC1; residues 1–573) could recruit neither
ctNup37 nor ctElys (Figure 2B, lane 5). A larger construct,
ctNup120DC4 (residues 1–956), comprising the b-propeller
plus a significant part of the adjacent a-helical domain was
able to efficiently bind ctNup37 and ctElys (Figure 2B, lane 8).
However, further deletions from the ctNup120 C terminus pro-
gressively diminished binding of both ctNup37 and ctElys (Fig-
ure 2B, lanes 6 and 7). On the other hand, a ctNup120 construct
harboring only the C-terminal helical domain but lacking the
b-propeller (ctNup120DN2, residues 833–1,263) was still able
to recruit ctNup37 and ctElys (Figure 2B, lane 10). However,
this ctNup120DN2 construct was partly degraded to yield
shorter fragments. Together, these data suggest that ctNup37
and ctElys predominantly bind to the C-terminal helical region
of ctNup120.
Next, we wished to visualize the interaction of ctNup37 and
ctElys to a common site as part of the Nup84 complex employing
EM. Reconstituted complexes comprising ctNup120-Nup85-
Nup145C (heterotrimer) as shown above, a heterotetramer that
included ctNup37 and a heteropentamer carrying both ctNup37
and ctElys were stable upon size exclusion chromatography. By
performing single-particle EM with the negatively stained speci-
mens of the peak fractions (Figures 3A and 3C), we were able to
obtain class averages of these different assemblies (Figures 3B
and 3D). When compared to the trimeric complex (Figure 1D),
the tetramer and pentamer assemblies showed an mass
increase at discrete sites of the Y-shaped core complex. A closer
look revealed that arm 3 of the ‘‘Y’’ gained an additional mass
upon ctNup37DC binding and thus could correspond to
ctNup120, the known binding partner of ctNup37 (Figure 3E).
Finally, upon binding of ctElys to the tetrameric complex, we
observed that the proximal blob of the two globular masses pre-
sent at the end of arm 3 became slightly larger (Figure 3E). These
changes could indicate binding of ctNup37 and ctElys at the
a-helical stalk region of Nup120 connecting the N-terminal
b-propeller with the central hub of the complex.
Crosslinking Mass Spectrometry Reveals the Major
Protein Interfaces within the Y-Shaped Complex
To analyze the protein interfaces that are forming the central
interaction hub within the Nup84 complex, we used XL-MS.
For this purpose, we purified a hexameric complex consisting
of ctNup145C, ctNup120, ctNup85, ctNup84, ctElys, and
ctNup37 to homogeneity and treated this assembly with a non-
cleavable, isotope-coded crosslinker (DSS) that is specific for
primary amines (lysines andN termini). The size of the crosslinker
enables the identification of spatial restraints of up to 35 A˚
measured fromCa to Ca (Walzthoeni et al., 2012). Bymass spec-
trometry, we identified multiple chemically crosslinked peptides
(Table S1), which account for such spatial restraints within the
ctNup84 complex (Figure 4A). Since no crosslinks of ctNup84
itself to any other subunit could be identified, it was excluded82, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1675
Figure 3. Assembly of ctNup37 and ctElys into the ctNup84 Complex
(A–D) In vitro assembly of ctNup37DC (A) or ctNup37DC and ctElys (C),
respectively, into the heterotrimeric Nup84 core complex. The core Nup84
complex consisting of ctNup85, ctNup145C, and ctNup120 was immobilized
on beads before binding of purified ctNup37DC alone or ctNup37DC and
ctElys. The derived reconstituted complexes were separated on a gel filtration
column and the peak fraction was analyzed by SDS-PAGE and Coomassie
staining (A and C) and electron microscopy (B and D). Single particles and
corresponding class averages determined by multivariate statistical analysis
are shown. Scale bar, 20 nm.
(E) Selected EM classes of the heterotrimeric Nup84 core complex alone and
with bound ctNup37DC or ctNup37DC and ctElys.
(F) Model of the ctNup85-ctNup145C-ctNup120-ctNup37DC-ctElys complex.
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approve our biochemical analysis that identified the binding
site of ctNup37 to ctNup120.
Most strikingly, our analysis shows that especially the N- but
also the C-terminal domain of ctNup145C, of which no high-
resolution structure is available, are crosslinking hotspots
(Figure 4A) andmay therefore jointly contribute to themajor inter-
action hub of the complex. They are engaged with the C-terminal
domains of ctNup120 and ctNup85, which is well in line with our
biochemical data suggesting a trimeric interface of ctNup145C,1676 Structure 21, 1672–1682, September 3, 2013 ª2013 Elsevier LtctNup120, and ctNup85. ctNup145C must thus assume an
overall U-shaped structure as previously predicted based on
computational modeling (Fernandez-Martinez et al., 2012).
Intriguingly, we also identified the C terminus of ctElys to be
engaged in multiple interactions to this central part of the
Y-shaped complex.
Based on the identified spatial restraints, class averages,
and homology modeling, we generated a three-dimensional
model that orients the predicted subunit structures within the
Nup84 complex (Figure 4B). Since our EM data are two dimen-
sional, we assumed an overall planar shape as previously
observed for the yeast Nup84 complex (Kampmann and Blobel,
2009). As apparent from this model, ctElys bridges from the
interaction hub of ctNup145C, ctNup85, and ctNup120 across
the C-terminal domain of ctNup120 toward the binding site of
ctNup37.
In Vitro Reconstitution of an Octameric ctNup84
Complex
The largest stable assembly of the Nup84 complex reconstituted
so far was a complex composed of seven subunits, which
was achieved in the S. cerevisiae system (Lutzmann et al.,
2002). Thus, we aimed to advance with the stepwise in vitro
assembly to reconstitute an octameric ctNup84 complex. For
this reconstitution, the heterotrimeric core complex (ctNup85-
ctNup120-ctNup145C) was immobilized on IgG-Sepharose via
ProtA-tagged ctNup85 before addition of ctNup37DC, ctElys,
ctSec13, and copurified ctNup84-ctNup133 heterodimer. The
assembled and soluble complex was subjected to size exclusion
chromatography. Class averages of the negatively stained spec-
imen of the main peak fraction (Figure 5A) showed a Y-shaped
structure with one extremely long arm (55 nm) (Figure 5B),
which is similar to classes obtained for the scNup84 complex
(Kampmann and Blobel, 2009). Apparently, arm 2 as defined in
the heterotrimeric core complex (Figure 1D) became very elon-
gated in the octameric complex, forming an extended stem
that is kinked in two regions with angles of 100–120 (Fig-
ure 5B). This long structure resembles the long stem of the
scNup84 complex, which is a linear array of Nup145C, Nup84,
and Nup133. Therefore, we suggest that arm 2 of the ctNup84
complex corresponds to ctNup145C, which becomes elongated
by ctNup84 and ctNup133, a finding that is also consistent with
our in vitro binding studies (Figure 1A). Consequently, arm 3
should correspond to ctNup85 (Figure 5C). The positioning of
ctSec13 toward ctNup145C is based on comparison to the
S. cerevisiae complex (Kampmann and Blobel, 2009). Thus,
the structure of the Nup84 complex is highly conserved between
S. cerevisiae and C. thermophilum. Due to its closer relationship
to the metazoan orthologs, we predict that the human
Nup107-Nup160 complex exhibits a highly similar architecture
(see Discussion).
The Thermophile ctNup84 Complex Dimerizes to Form
a Prevalent Side-to-Side Arrangement
In the course of the reconstitution studies, we noticed that a pool
of the various in vitro assembled ctNup84 complexes eluted from
the gel filtration column at a size larger than amonomer. To study
a possible oligomerization of the Nup84 complex, we focused on
the ctNup120-ctNup85-ctNup145C-ctNup84 assembly that alsod All rights reserved
Figure 4. Crosslinking Mass Spectrometry Analysis of the ctNup84 Complex
(A) Linear representation of ctNup84 complex subunits included in the crosslinking mass spectrometry analysis (XL-MS). Red bars indicate spatial restrains
identified by crosslinking of domains, which were homology modeled (colored, see B), whereas black bars indicate spatial restrains between domains, which
were excluded from modeling. The light blue area in ctNup120 represents the region that is critical for efficient recruitment of ctElys (see above). See also
Table S1.
(B) Ensemble of predicted atomic structures of ctNup84 complex subunit domains. Subunit orientation in the three-dimensional model corresponds to spatial
restrains identified by XL-MS, except for the interface of ctNup120 and ctNup37, which is based on the crystal structure of spNup120/spNup37 (Protein Data
Bank code 4FHM) (Bilokapic and Schwartz, 2012b). Colors correspond to schematic representations in (A) and (C). See also 3D Molecular Model S1 (ctNup84
complex-model).
(C) Schematic representation of the ctNup84 complex ensemble shown in (B) illustrating how the N- and C-terminal domains of ctNup145C jointly form the
interaction hub of the ctNup84 complex involving the C-terminal domains of ctNup120, ctNup85, and ctElys. Bars indicate the spatial restrains identified via
XL-MS as in (A).
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Architecture of a Thermophilic Nup84 Complexcarried Nup84, the eponymous subunit of this conserved
module. When this reconstituted tetramer was fractionated on
a Superose 6 gel filtration column, we observed next to a distinct
main peak (peak #2) a smaller peak (peak #1), which could corre-
spond to a dimerized complex (Figures 6A and 6B). Peak #3
contained free ctNup145C-ctNup84 that was overstoichiometric
in the preparation due to how the tetramer had been reconsti-
tuted (see Experimental Procedures). Subsequently, peak #1
and peak #2 were subjected to single-particle electron micro-
scopy (Figures 6C and 6D). As expected for the tetrameric
assembly, class averages of peak #2 contained particles with a
typical Y-shaped morphology (Figure 6D), comparable with the
class averages of the trimeric complex (Figure 1D), but with
one arm further elongated due to the attachment of ctNup84 to
ctNup145C. Strikingly, peak #1 contained particles exhibiting a
distinct and remarkable clamp-like structure (Figure 6C). We
interpret these striking particles as dimeric ctNup84 complexes
predominantly joined at the foot region (possibly involving
ctNup120), with a side-to-side arrangement along the longitudi-
nal axis (Figure 6E).Structure 21, 1672–16Finally, we sought to identify a dimeric Nup84 complex that
also carries Nup133. Since Nup133 has the tendency to disso-
ciate from the Y-complex upon gel filtration chromatography
(this is also observed in the case of the S. cerevisiaeNup84 com-
plex; data not shown), we reconstituted a pentameric ctNup133-
Nup84-Nup120-Nup145C-Nup85 complex (compare Figure 6F)
that was subsequently fractionated on a sucrose gradient with
an inverse glutaraldehyde gradient (GraFix Gradient). This GraFix
method is superior to stabilize fragile macromolecular com-
plexes for single particle negative stain or cryo-EM (Kastner
et al., 2008). Subsequently, we analyzed the gradient fractions
by EM and could observe single particles strongly resembling
the described dimeric tetramer, but now with two elongated
masses attached to the tip of the clamp-like assembly (compare
Figure 6C with Figure 6G). This structure can be well explained
by the addition of Nup133 at the tip of the dimer, which corre-
sponds to the position of Nup84 (Figure 6H). Thus, reconstitution
of the C. thermophilum Nup84 complex yielded a dimer struc-
ture, which may represent an assembly intermediate that in vivo
could be a seed for higher-order assembly into the NPC scaffold.82, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1677
Figure 5. In Vitro Assembly of an Octameric ctNup84 Complex
(A) CtNup85, ctNup145C, and ctNup120 were coexpressed and immobilized
before addition of purified ctNup37DC, ctElys, ctSec13, and coexpressed
ctNup133-ctNup84 dimer. After binding and washing, the TEV eluate was
separated by size exclusion chromatography, before the peak fraction
containing octameric ctNup84 complex was analyzed by SDS-PAGE and
Coomassie staining. The indicated bands for ctElys and ctSec13 were
confirmed by mass spectrometry.
(B) Electron micrographs of purified octameric ctNup84 complex. Single
particles and corresponding class averages determined by multivariate
statistical analysis are shown. Scale bar, 20 nm.
(C) Schematic model of the octameric ctNup84 complex.
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In this study, we have used nucleoporins from a eukaryotic
thermophile to gain insight into the structural conservation of
the Nup84 complex. In the past, the Nup84 complex from
S. cerevisiae served as the predominant structural model but
lacked Nup37 and ELYS, the additional subunits of the orthol-
ogous vertebrate complex. Since C. thermophilum contains
Nup37 and ELYS, we recombinantly expressed the Nups of
the ctNup84 complex, which all exhibited excellent biochem-
ical properties and readily assembled in vitro to form a
Y-shaped complex including Nup37 and Elys. Moreover, all
subunits were engaged in a similar interaction network when
compared to what was known from the yeast S. cerevisiae
(Lutzmann et al., 2002). One exception to this conservation is
that in vitro ctSeh1 was neither bound to ctNup85 nor assem-
bled into the Nup84 complex. It is possible that the inter-1678 Structure 21, 1672–1682, September 3, 2013 ª2013 Elsevier Ltaction between ctNup85 and ctSeh1 might take place in vivo
or in buffer conditions different to those used in this study.
Alternatively, ctNup85 could bind to another b-propeller pro-
tein, which is not our annotated ctSeh1 homolog but is also
related to Sec13 or Seh1. However, our data are consistent
with findings from A. nidulans (Liu et al., 2009), which is more
closely related to C. thermophilum than S. cerevisiae. More-
over, in the human system, Seh1 was found to be only loosely
associated with the orthologous complex (Loı¨odice et al.,
2004). Hence, we conclude that Seh1 may only be an auxiliary
and not essential subunit of the conserved Nup84 complex.
Along these lines, we were able to assemble a heterotrimeric
complex consisting of ctNup85, ctNup145C, and ctNup120,
which could serve as a minimal Nup84 complex for crystallog-
raphy studies.
By performing XL-MS, we gained insight into the interaction
interfaces within the Y-shaped complex for which no high-reso-
lution information is yet available. Our data indicate that the N-
and C-terminal domains of ctNup145C are engaged with the
C-terminal domains of ctNup120 and ctNup85 to jointly form
the major interaction hub. These data are supported by recently
published predictions that were based on biocomputational
modeling (Fernandez-Martinez et al., 2012).
The fully reconstituted ctNup84 complex with all its possible
members (Nup133, Nup120, Nup145C, Nup85, Nup84, Sec13,
Nup37, and Elys) is slightly longer (55 nm) than its counterpart
in S. cerevisiae (45 nm) (Kampmann and Blobel, 2009). On the
other hand, the general architecture, including structural details
such as the angles in the kink regions of arm 2 (at the contact
sites of Nup145C-Nup84 and Nup84-Nup133), is highly similar
between the thermophile and S. cerevisiae complex. Thus, our
studies on the ctNup84 complex point to an extremely high
structural conservation of the Y-shaped architecture, consistent
with its intensely discussed key role in NPC assembly and func-
tion (see below).
Another important outcome of this work concerns ctNup37
and ctElys, whichwere readily assembled into the ctNup84 com-
plex and hence allowed their mode of interaction to be clarified.
Recently, the S. pombe orthologs of Nup37 and Nup120 have
been analyzed biochemically and by crystallography (Bilokapic
and Schwartz, 2012b; Liu et al., 2012). spNup37 was shown to
have extensive contact with the C-terminal helical domain of
spNup120 and in addition an interaction with a a-helical insertion
in the spNup120 b-propeller. Our studies indicate that the main
contact surface mediating stable association of ctNup37 is
located on the C-terminal helical domain of ctNup120. This
finding is also well supported by the XL-MS analysis, which
identified crosslink sites between ctNup37 and the C-terminal
domain of ctNup120.
Moreover, we could show that the binding of Nup37 to Nup120
leads to the formation of a cooperative interaction surface that
targets Elys to the Nup84 complex involving an 70-amino-
acid-long sequence in the C-terminal helical domain of
ctNup120. Notably, as shown for S. pombe, this region is
involved in the interaction with Nup37 and therefore in principle
can create a cooperative binding platform for Elys at the inter-
face of the Nup37-Nup120 contact site (Figure S1D) (Bilokapic
and Schwartz, 2012b; Liu et al., 2012). Additionally, the find-
ings of the crosslinking mass spectrometry indicate that thed All rights reserved
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hub of ctNup145C, thereby presumably lining the C-terminal
domain of ctNup120.
Our study has revealed that the Nup84 complex can form a
dimer structure that is amenable to single-particle electron
microcopy. A frequently observed eye-catching arrangement
of two Y-shaped Nup84 complexes in a side-to-side configura-
tion (Figures 6E and 6H) could indicate an assembly intermedi-
ate of how the Nup84 complex is assembled into the NPC
scaffold. Interestingly, 32 copies of the human orthologous
complex were recently shown to reside within fully assembled
NPCs (Ori et al., 2013). This finding implies that two copies of
the complex exist per subunit per ring, which could well be a
dimer. Currently, different models describing the oligomeriza-
tion of the Nup84 in the NPC network are discussed (Bilokapic
and Schwartz, 2012a; Hoelz et al., 2011; Seo et al., 2009). In
one model, the Nup84 complex is depicted in a head-to-tail
arrangement. Our dimerized Nup84 complex can easily fit
into this model, which would lead to a ring-like assembly
resembling the repetitive element of a chain-link fence (Fig-
ure S3). The repetitive occurrence of stable associations
between two Nup84 complexes followed by long flexible stalks
(Nup145C-Nup84-Nup133) forming the fence-like network
could combine two important features: (1) the necessary rigidity
of a putative coat for stabilizing curvature of the nuclear
envelope at the sites of NPCs, which is a discussed role of
the Nup84 complex in the NPC (Debler et al., 2010; Leksa
and Schwartz, 2010), and (2) an important degree of flexibility
allowing, for example, dilatation of the nuclear pore diameter
during translocation of large cargos (Melca´k et al., 2007;
Solmaz et al., 2011).
In conclusion, by analyzing the Nup84 complex from
C. thermophilum that is more closely related to the verte-
brate Nup107-Nup160 complex than to the counterpart in
S. cerevisiae, we could gain insight into the architecture and
assembly of this central NPC module. In future analyses, the
thermophile Nup84 complexmay prove useful for studies related
to the conserved structure and function of the NPC.
EXPERIMENTAL PROCEDURES
Cloning of ctNup Genes
Genes encoding C. thermophilum nucleoporins were cloned from cDNA or
genomic DNA by standard procedures (Amlacher et al., 2011). Subsequently,
the open reading frames were inserted into yeast or E. coli expression plas-
mids. Since the in vitro reconstitution of the ctNup84 complex only requires
the C-terminal part of the Nup145 precursor (i.e., ctNup145C), the open
reading frame of ctNup145C was cloned starting at the autocleavage site
from full-length Nup145N-Nup145C precursor cDNA (Figure S1A). A C-termi-
nally shortened version of ctNup84 has been used lacking the nonconserved
last nine amino acids (Figure S1E).
Recombinant Expression and Protein Purification of ctNups
For ProtA affinity-purifications, S. cerevisiae strain DS1-2b (Nissan et al.,
2002) was transformed with the plasmid pADH181-ProtA-TEV carrying the
respective Nup-encoding gene. Yeast cells were grown at 30C in SDC-
leu medium, and at an optical density 600 (OD600) of 1.5 the medium was
supplemented with 0.6% (w/v) glucose, 0.6% (w/v) yeast extract (MP),
and 1.2% (w/v) bacto peptone (DB) final concentrations. The cells were har-
vested at OD600 of 5-6 and lysed in buffer 1 (20 mM Tris-HCl pH 7.5,
150 mM NaCl, 50 mM K(OAc), 2 mM Mg(OAc)2, 1 mM DTT, 5% glycerol,
0.01% (v/v) NP40) including FY complete protease inhibitor (Serva) by cryo-Structure 21, 1672–16genic grinding (Retsch, MM400). The lysate was cleared (8,000 3 g for
25 min) and the ProtA-TEV tagged proteins were purified from the superna-
tant using IgG-Sepharose beads in suspension (IgG-Sepharose 6 Fast Flow,
Amersham Bioscience). After intensive washing, proteins were eluted by to-
bacco etch virus (TEV) cleavage in buffer 1 for 45 min at 16C or overnight
at 4C in a Mobicol 2.5 ml column (MoBiTec).
For coexpression of ctNUP84 and ctNUP133, the plasmids pADH181-ptA-
TEV-6HIS-ctNUP133 and pADH112-ctNUP84 were cotransformed into
S. cerevisiae strain DS1-2b. Expression was carried out as described above
but using SDC-leu-trp medium.
For coexpression of the trimeric ctNup84 complex, the vectors YEplac112-
(TRP1)-P2-P1-pGal1-10-ctNUP145C (ctNup145C N-terminally untagged or
tagged with a ProtA-TEV-tag) and YEplac181-(LEU2)-P2-ctNUP120-P1-
pGal1-10-ctNUP85 (ctNup85 N-terminally untagged or tagged with a ProtA-
TEV-tag) (for details, see Supplemental Experimental Procedures) were
cotransformed into the DS1-2b yeast strain. The cells were grown in 1 l raffi-
nose medium SRC-leu-trp to an OD600 of 2 and then shifted to 2 l galactose
medium YPG to induce coexpression of the trimeric ctNup84 complex with
ProtA-TEV-tagged ctNup145C or ctNup85, respectively. At an OD600 of 3.5
cells were harvested and lysed.
Expression of ctELYS, ctSEH1, ctSEC13, and ctNUP37DC was carried out
using E. coli BL21 CodonPlus. Cells were transformed with pPROEX-1-6HIS-
TEV-ctELYS, pPROEX-1-6HIS-TEV-ctSEH1, pET15b-6HIS-ctSEC13, or
pPROEX-1-6HIS-TEV-ctNUP37DC and grown in LB medium at 37C to an
OD600 of 0.5. Expression of ctELYS and ctSEH1 was induced with 0.5 mM
IPTG for 2 hr at 30C, ctSEC13 for 1 hr at 37C, and ctNUP37DC for 3 hr at
23C. Cells were lysed in buffer 1 supplemented with protease inhibitor (Serva)
and 10 mM imidazole by high-pressure cavitation and cleared (35,000 3 g for
15 min at 4C). 6HIS-tagged proteins were purified from the supernatant with
His-Select Nickel Affinity Gel (Sigma). After three washing steps with buffer 1
including 10 mM imidazole, 6HIS-tagged proteins were eluted with buffer 1
including 300 mM imidazole. The eluates were dialyzed overnight at 4C
against buffer 1 without imidazole. The eluates of ctSeh1, ctElys,
and ctNup37DC were supplemented before dialysis with TEV protease.
Finally, the TEV protease was depleted with TALON Metal Affinity Resin
(Clontech).In Vitro Binding Assay and Reconstitution of Additional ctNup84
Complexes
TEV eluates of prey proteins were treated with TALON Metal Affinity Resin
(Clontech) for depletion of 6HIS-tagged TEV. For ctNup133 purification gluta-
thione S-transferase-tagged TEV was used and depleted using Protino
Glutathione Agarose 4B (Macherey-Nagel). Purified proteins were added in
an 5-fold molecular excess to immobilized ProtA-bait proteins in the pres-
ence of a competitive E. coli lysate or to the immobilized trimeric complex
(ctNup120, ctNup145C, and ctNup85) for reconstitution of complexes in
Mobicol ‘‘Classic’’ columns (MoBiTec). After incubation for 45 min at 16C,
the beads were washed with buffer 1 before TEV elution for 1 hr at 16C.
Reconstituted complexes were subjected to size exclusion chromatography
using a Superose 6 10/300 GL column and A¨ktapurifier System (GE
Healthcare).
The pentameric ctNup84 complex (ctNup133, ctNup84, ctNup120,
ctNup145C, and ctNup85) was assembled as described above and subse-
quently fractionated on a GraFix gradient (modified from Kastner et al.,
2008) (for details, see Supplemental Experimental Procedures).Electron Microscopy and Image Processing
For negative staining, 5 ml of sample were placed on a freshly glow-discharged,
carbon-coated grid, and then washed three times with water, stained with ura-
nyl acetate (2% w/v) and dried. Micrographs were recorded using transmis-
sion electron microscopes and single particles were selected manually using
‘‘Boxer’’ for image processing (Ludtke et al., 1999) (for details, see Supple-
mental Experimental Procedures). Subsequent image processing was carried
out in IMAGIC V (van Heel et al., 1996). Particles were band-pass filtered and
normalized in their gray value distribution and mass centered. Alignment and
iterative refinement of class averages followed the procedures described in
Lutzmann et al. (2005).82, September 3, 2013 ª2013 Elsevier Ltd All rights reserved 1679
Figure 6. The ctNup84 Complex Forms an Eye-Catching Dimeric Structure
(A) Separation of a reconstituted tetrameric ctNup84 complex (ctNup120, ctNup85, ctNup145C, and ctNup84) on a gel filtration column.
(B–D) Fractions including peak 1 and 2 were analyzed by SDS-PAGE and Coomassie staining (B), and negative-stain electron microscopy (C and D). Peak 3
contains free ctNup145C-ctNup84 heterodimer. (C) Overview electron micrograph of fraction 1 and class averages of single particles determined by multivariate
(legend continued on next page)
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Reconstituted ctNup84 complex was dialyzed overnight (150 mM NaCl,
50 mM KOAc, 2mM MgOAc, 20 mM HEPES [pH 8.0]). The sample was
concentrated to a final volume of 130 ml (0.6 mg/ml) using Amicon Ultra centrif-
ugal filters (Millipore, 100 kDa molecular weight cutoff). Crosslinking was per-
formed by addition of an isostoichiometric mixture of H12/D12 isotope-coded
disuccinimidyl-suberate (DSS, Creative Molecules) to a final concentration of
2 mM. After 30 min at room temperature, the reaction was quenched with
10 mM ammonium bicarbonate for 10 min. Crosslinked samples were further
processed and analyzed with an Orbitrap Velos Pro mass spectrometer
(Thermo Scientific) as previously described (Walzthoeni et al., 2012). The
mass spectrometric data were analyzed using xQuest/xProphet software
(Walzthoeni et al., 2012) and the false discovery rate was set to 5%.
Homology Modeling
Homology modeling of indicated parts of ctNup85 and ctNup145 was per-
formed using I-Tasser using an online platform combining multiple threading
alignments and ab initio modeling to predict protein structures (Roy et al.,
2010, 2012; Zhang, 2008). The other subunit structures were predicted using
Phyre, which used, in the case of ctNup120 and ctNup37, the available struc-
tures of the S. pombe orthologs as amodeling template (Kelley and Sternberg,
2009). All homology models were at first placed in three-dimensional space
according to known interactions and with respect to the shape of the complex
as observed by EM. Positions were subsequently refined based on the deter-
mined domain interactions by minimizing the distance restrains given by XL-
MS and avoiding clashes. The Ca to Ca distances of two crosslinked lysine
residues were calculated using UCSF Chimera (Pettersen et al., 2004) and
considered as fulfilled when their distance was <35 A˚ (Table S1).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and one table and can be found with this article online at
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